Abstract The tumor-associated carbohydrate antigen/ hapten Thomsen-nouveau (Tn; a-D-GalpNAc-ONH 2 ) was conjugated to a zwitterionic capsular polysaccharide, PS A1, from commensal anaerobe Bacteroides fragilis ATCC 25285/NCTC 9343 for the development of an entirely carbohydrate cancer vaccine construct and probed for immunogenicity. This communication discloses that murine anti-Tn IgG3 antibodies both bind to and recognize human tumor cells that display the Tn hapten. Furthermore, the sera from immunization of mice with Tn-PS A1 contain cytokine interleukin 17 (IL-17A), which is known to possess anti-tumor function and represents a striking difference to an IL-2, and IL-6 profile obtained with anti-PS A1 sera.
Introduction
The study of carbohydrate immune processing has remained an active research area for 75 years dating back to Landsteiner, Avery, and Goebel who discovered that azoproteins could be used as carriers to overcome carbohydrate T cell independence [1, 2] . Exhaustive studies led to the development of glycoprotein bacterial-based vaccines that are currently commercialized [3] . Consequently, these glycoprotein conjugate approaches also led to numerous carbohydrate-based vaccine design and development strategies to eradicate cancer [4] . Although no antitumor vaccine currently exists that specifically targets cancer cells, it is important to note that after antigen-presenting cell (APC) recognition and proteolytic processing, glycopeptide and polysaccharide fragments can be presented for the identification by T cells via the major histocompatibility complex (MHC) class II binding proteins [5] . This then leads to the secretion of cytokines, which are small cell-signaling proteins, from immune cells which can reinforce specific Ab production against the antigenic fragment displayed on the surface of APCs [6] .
Paradoxically, the use of carrier proteins for the assembly of carbohydrate-based cancer glycoconjugate vaccines can elicit an immune response against the carrier protein itself resulting in the suppression of carbohydratespecific Ab production [7] . The large protein will contain immunosuppressive epitopes, which have been shown to reduce the effectiveness of the construct altogether. In addition, glycoprotein conjugation chemistry is often difficult to control leading to constructs with ambiguities in structure and composition affecting reproducibility [8] .
In the search for new, effective carbohydrate-based cancer vaccines that circumvent a myriad of glycoprotein obstacles, we have elected to pursue an alternative strategy for carbohydrate-specific T cell stimulation that aims to eliminate the use of carrier proteins. Upon the discovery that an alternating charge character on adjacent monosaccharide units in a repeating tetrasaccharide capsular polysaccharide PS A1 (1) from Bacteroides fragilis (B. fragilis) ATCC 25285/NCTC 9343 could elicit an MHC II T celldependent immune response in the absence of proteins/ peptides or lipids [9] , we recognized the potential of a new T cell stimulating immunogen that could overcome the aforementioned challenges and concomitantly increase immunogenicity of the target carbohydrate Ag. Our previous work demonstrated that a Tn-PS A1 immunogen could indeed elicit murine Abs that were specific and selective for the Tn hapten [10] . Our findings were highlighted by the fact that murine IgG3 Abs are known to result from an all important isotype-switching event [11] and are carbohydrate specific [12] . They are also a highly potent complement activator of their class [13, 14] . Our earlier publication eluded to the current studies we are disclosing herein, in which FACS was used to determine IgG3 Ab binding to human cancer cell lines known to possess the Tn surface Ag [15] [16] [17] . Furthermore, analysis of murine sera, using a BD TM Biosciences Cytometric Bead Array, allowed for the determination of a cytokine profile, beneficial for immune mechanistic insights into Tn-PS A1 glycoconjugate 3. The latter was prepared by selective periodate oxidation of the D-Galf units of PS A1 followed by condensation with Tn derivative 2 [10] .
The anti-sera were tested against Tn-expressing human breast cancer cell lines MCF-7 and MDA-231 using FACS. In addition, cell lines Jurkat/JurkatTAg (leukemia), Panc-1 (pancreas), and U251 (glioblastoma) were also examined for Ab binding. As negative controls, human peripheral blood mononuclear cells (PBMCs) and human bone marrow cells were employed. Cells were first incubated for 30 min with anti-sera, diluted 1:250, at 4°C in respective growth media containing 5% FCS and 0.1% sodium azide. Cells were incubated (30 min, on ice, in the dark) with a secondary goat anti-murine IgG3 monoclonal Ab conjugated with the fluorochrome Alexa Fluor Ò 488. Following incubation, cells were fixed using 1% paraformaldehyde and analyzed on a LSR flow cytometer. Cells were gated based on light scatter properties using forward versus side scatter, and a total of 10,000 events were collected and analyzed using CellQuest software V5.2. Figure 1 shows that anti-Tn sera (red line) from C57BL/6-primed mice with Tn-PS A1 (3) binds, to varying degrees, in five of the six cancer cells examined. Both the PBMCs and bone marrow cells, which do not contain tumor-associated carbohydrate antigens (TACAs), showed negligible Ab binding. More importantly, there was also negligible binding to cancer cells when anti-sera (blue line) from 1 were used as a comparison to 3. When the percentage of positive stained cells, incubated with sera from Tn-PS A1-inoculated mice versus PS A1-treated mice, was compared, a greater than 1 to ninefold increase in staining was observed (Fig. 1b) . Although the results did not meet statistical significance, t test, the trend is suggestive that the staining was not due to nonspecific binding of antibody present in sera from Tn-PS A1-injected animals. In combination with previous inhibitory experiments from our group, these studies provide strong evidence for an IgG3 Tn-selective immune response [10] , and based on literature precedent regarding the IgG3 Ab, it is well-known to be carbohydrate selective [12] and arises as a result of isotype switching [11] . This result also establishes that an entirely glyco-comprised conjugate 3 will elicit a specific immune response against the Tn antigen as compared to the anti-sera from PS A1-primed mice, in which structure contains a GalpNAc unit in the repeating tetrasaccharide (see Scheme 1, 1). Furthermore, the ''small'' carbohydrate Tn hapten appended to the adjuvant/carrier PS A1 does not hinder an immune response, and apparent from the data is that 3 can elicit an Ab response that targets surface Tn as indicated by our FACS studies. Importantly, invasive U251 glioblastoma cells contain a substantial amount of surface polysialiac acid, rather than other commonly known TACAs, such as the Tn antigen, and therefore, no noticeable IgG3 binding was observed [18] .
We next examined the cytokine profile for both the antiTn-PS A1 sera and the anti-PS A1 sera to ascertain important insights related to the general immune response and the IgG3 Ab. We focused on seven important T cell immune cytokines, IL-10, IL-17A, TNF, IFN-c, IL-6, IL-4, and IL-2 as noted in Table 1 . This grouping of cytokines allows for the determination of T cell polarization toward a Th1, Th2, or a Th17 direction. Based on our findings, we noted that anti-sera from PS A1 immunizations had a significant amount of pro-inflammatory IL-2 (118 pg/mL) and anti/pro-inflammatory IL-6 (62 pg/mL) plus notable amounts of pro-inflammatory IL-17A and anti-inflammatory IL-10. This result infers a Th1/Th2 paradigm for inflammation and coincides well with those results published by Mazmanian et al. describing anti-inflammatory IL-10-producing CD4
? T cells from administered PS A1 in mice for the potential treatment of colitis [19, 20] . Remarkably, anti-sera from Tn-PS A1 immunizations had an entirely different profile as the notable pro-inflammatory cytokine IL-17A (58 pg/mL), which is known to be produced in CD4
? effector T cells, was observed in significant concentration (Table 1 ). This result implies that a primarily Th17 response was being activated, although IL-17A is produced in invariant NKT cells, CD8
? T cells and cd-T cells; albeit not as common [21] . Murine cd-T cell receptors can recognize nonpeptide compounds in analogy to pattern recognition receptors rather than conventional recognition by a/b-TCRs of peptide antigens presented by MHC class I or II molecules [22] . Since most of the natural murine cd antigens/ligands are unknown, one possibility could be that zwitterionic polysaccharides are a natural ligand for these cells. It is known, however, that zwitterionic polysaccharides activate CD4
? T cells and are presented on MHC II as well as interact with TLR-2 [9] . Unrelated studies have shown that the polysaccharide chitin interacts with TLR-2 and results in a IL-17-dependent immune activation mechanism [23] .
Our findings also suggest that IL-17A, which is observed in anti-Tn-PS A1 sera, could be a strong link in the eradication of cancer as others have reported impressive antitumor functions for IL-17A [24, 25] . While the concentration of IL-10 is similar in both anti-sera, the significant decrease in pro-inflammatory IL-2 and the disappearance of the pro/anti-inflammatory IL-6 altogether in immunizations with Tn-PS A1 (3) imply a unique inflammatory response-one that may be beneficial at the site of attack.
In conclusion, we have demonstrated that an entirely carbohydrate cancer immunogen can elicit a T cell-mediated immune response and selectively distinguish human tumor cells that are known to possess the Tn antigen. Carbohydrate-specific IgG3 Abs, raised from Tn-PS A1 murine immunization selectively bind to tumor cells that are known to possess surface Tn antigen. Furthermore, the cytokine profile from anti-Tn-PS A1 sera contained a significant IL-17A response that argues for a unique Th17 mode of action. Interestingly, the cytokine profile from anti-PS A1 sera showed a different convention and arguably one that coincides with a Th1/Th2 paradigm for inflammatory immune response. These studies illustrate that zwitterionic polysaccharide PS A1 can be used as a T cell-dependent ''carrier/adjuvant'' to elicit a specific and selective immune response likely consequent to the Th17-associated tumor killing. Future studies are ongoing to explore the cellular origination of the cytokines and the efficacy of the sera in treating tumor compromised mice.
